Dynamic avalanche breakdown of a p-n junction: deterministic triggering of a plane 

streamer front 
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We discuss the dynamic impact ionization breakdown of high voltage p-n junction which occurs 
when the electric field is increased above the threshold of avalanche impact ionization on a time scale 
smaller than the inverse thermogeneration rate. The avalanche-to-streamer transition characterized 
by generation of dense electron-hole plasma capable to screen the applied external electric field occurs 
in such regimes. We argue that the experimentally observed deterministic triggering of the plane 
streamer front at the electric field strength above the threshold of avalanche impact ionization but 
yet below the threshold of band-to-band tunneling is generally caused by field-enhanced ionization 
of deep-level centers. We suggest that the process-induced sulfur centers and native defects such as 
EL2, HB2, HB5 centers initiate the front in Si and GaAs structures, respectively. In deep-level free 
structures the plane streamer front is triggered by Zener band-to-band tunneling. 

PACS numbers: 85.30.-z, 72. 20.Ht, 71.55.-i 
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Impact ionization generally leads to avalanche break- 
down of semiconductor p-n junctions at high reverse bi- 
ases. For common breakdown mode the space charge of 
avalanche carriers drastically modifies the electric field 
profile, but the voltage U at the p-n junction remains 
close to the stationary breakdown voltage Ub i Different 
breakdown mode occurs when the electric field is rapidly 
increased on a time scale smaller than the inverse rate 
of thermogenerationi2i& In absence of thermal carriers 
in depleted p-n junction the voltage at the structure U 
continues to increase far above Ub before impact ioniza- 
tion sets imS* 3 - Then U rapidly decreases to a negligible 
residual value U rcs <C Uh because the impact ionization 
front passes across the structure and fills it with dense 
electron-hole plasma. Initiation of such front manifests 
the avalanche-to-streamer transition which is known in 
gas discharged and semiconductor physics 5 mostly with 
respect to finger-like streamers. Streamer breakdown is 
characterized by full screening of the applied electric field 
by the avalanche carriers and occurs when the Maxwell 
relaxation time in the avalanche becomes smaller than 
the inverse impact ionization rate£ In high voltage p + - 
n-n structures the plane TRAPATT-like ionization front 
moves from the p + -n junction into depleted n base faster 
than the saturated carrier velocity and is generally 
regarded as a plane streamer front £ This process has 
found important applications in pulse power electronics^ 

In Si and GaAs structures the onset of plane streamer 
front occurs at the electric field strength F t h above the 
threshold of avalanche impact ionization F a but below 
the threshold of Zener band-to-band tunneling Fz (e.g., 
in Si F a ~ 2 • 10 5 V/cm and F z ~ 10 6 V/cm, whereas 
Fth ~ 3 • 10 5 V/cm)m£ Remarkably, the breakdown sets 
in a pronounced deterministic way: triggering voltage 
and time at identical driving circuit conditions are not 
only reproducible, but their variation (jitter) is even be- 
low the measurement accuracy^^ This implies the exis- 
tence of a certain deterministic field-dependent mecha- 
nism which supplies the initial carriers to the depleted 



part of the structure. This mechanism is not yet identi- 
fied (e.g., see Ref. 0and discussion therein). In this Let- 
ter we argue that plane streamer fronts are initiated by 
the field enhanced ionization of deep-level midgap elec- 
tron traps in the depleted part of the p-n junction. We 
suggest that in Si structure this occurs due to the process- 
induced deep-level sulfur center, whereas in GaAs struc- 
tures the native defects such as EL2, HB2 and HB5 cen- 
ters are responsible for that. In defect-free structures the 
plane streamer front is initiated by band-to-band tun- 
neling in accordance to the recent theoretical prediction 
and experimental observation of tunncling-assisted im- 
pact ionization frontsAiS 

Let us consider a typical high voltage p + -n-n + struc- 
ture with low-doped n base (Nd ~ 10 14 cm -3 for Si and 
10 16 cm -3 for GaAs) of a characteristic width 100 fj,m.m£ 
At the very beginning the structure is in equilibrium. 
The midgap electron levels in the n base are expected to 
be occupied. Then the initial reverse bias Uq is quasistat- 
ically applied to the structure connected in series with 
load resistance R. During the waiting period — td < t < 
[Fig. 1(a)] some deep centers may emit electrons, but 
the emission rate e at low electric fields is too small to 
change the occupation of midgap centers significantly. At 
t = the steep voltage ramp V(t) = Uq + A ■ t is applied, 
where A is typically of the order of 1...10 kV/nsm&2^ 
The electric field F in the n base increases and overcomes 
the effective threshold of avalanche impact ionization F a 
on a nanosecond scale [Fig. 1(b)]. However due to the 
absence of initial carriers the impact ionization does not 
occur immediately and the electric field keeps increasing. 
The ionization probability of deep levels e(F) is stimu- 
lated by electric field due to the phonon-assisted tunnel- 
ing mechanism that proceeds to direct tunneling mecha- 
nism in higher electric fieldsii Since e(F) dependence is 
very steep, the emission of free carriers abruptly starts at 
a certain electrical field F > F a triggering propagation of 
a plane streamer front at t = to. To ensure deterministic 
triggering, the initial carriers should be distributed uni- 
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FIG. 1: Sketches of the voltage at the p + -n-n + structure U(t) (a) and distributions of the electric field F(z,t) in the n— base 
(b). For simplicity we assume that V(t) = U(t) during the period < t < to, neglecting the displacement current. The electric 
field profile is shown at t = 0, at t = t' when the voltage of stationary breakdown Ub is reached and at t = to when the front 
is triggered. F a and Ftu are the effective threshold of avalanche impact ionization and the maximum electric field achieved at 
the moment when the front is triggered. The thin line in panel (b) shows the field profile in the traveling front for t > to- The 
width of the charged layer at the front tip that screens the electric field is denoted as l p . 



formly over the device area on a scale determined by an 
internal characteristic dimension of the traveling front. 
This scale can be defined as a width l p ~ 10 /im (Ref. 
8) of the charged layer between the high-field noncon- 
ductive region and the low-field conductive region [Fig. 
1(b)]. Hence no ~ £~ 3 ~ 10 9 cm -3 estimates the thresh- 
old concentration of initial carriers. 

Two decades after the effect had been discovered, 
it was realized that the common Soviet fabrication 
technology-- used to manufacture high voltage Si struc- 
tures exhibiting superfast switching 2 - creates a certain 
deep-level defect in the low-doped n base^ This process- 
induced (PI) defect, previously known in Si and regarded 
as a recombination center^ later on was proved to be an 
electron trap with negligible recombination activity, thus 
having no effect on the carriers lifetime, and identified 
as sulfur (S) impurity center^ This double donor (see 
inset in Fig. 2) with ionization energies (E c — 0.28) eV for 
the upper midgap S° state (U level) and (E c — 0.54) eV 
for the midgap S + state (M level) appears in concentra- 
tions Npi = 10 n ...10 13 cm~ 3 i& Taking into considera- 
tion the field-enhanced ionization of PI centers, we are 
able to resolve the long-standing puzzle of deterministic 
triggering of plane streamer fronts in Si structures. The 
emission rate e(F) of this PI center has been experimen- 
tally measured only for F up to 10 5 V/cm, 14 so we use 
the results of the semiclassical theorjiil to evaluate e(F) 
for the relevant field strength F ~ 2. ..4 • 10 5 V/cm. At 
room temperature only M levels (0.54 eV) are occupied. 
The curve 1 in Fig. 2 presents the emission rate e(F) for 
the M level at T = 300 K calculated according to the 
analytical expressionii 

/ F 2 \ {2J2mE B , 12F 2 \ , . 
e^^eWexp^Jexp^^-^ln^j, (1) 

Fl = 3mh/(q 2 T 3 ), 2r 2 /h = l/kT+2 Tl /h 



which describes phonon-assisted tunneling with the pos- 
itive charge of the ionized double donor taken into ac- 
count. Here e(0) s» 2 • 10 2 s _1 is the emission rate in 
zero electric fieldjii^ii m and q are the effective mass 
and the charge of the electron, k is Boltzmann constant, 
T is the lattice temperature, E B is the Bohr energy, n 
is the tunneling time of the vibrational subsystem de- 
termined by the energy e p h of the local phonon mode 
Ep h /fc ~ h/2kr 1 ~ 1000 KM. We find that e(F) ~ 10 6 s" 1 
for F ~ 3 • 10 5 V/cm (Fig. 2). For N PI = 10 12 cm~ 3 the 
total emission rate is G = Npje(F) ~ 10 18 s _1 cm -3 , and 
the initial concentration no » 10 -9 cm" can be reached 
within At ~ no/Npie(F) ~ 1 ns. This is about the time 
it takes for the voltage U to increase from the stationary 
breakdown voltage Ub w 2 kV to the triggering voltage 
Uth ~ 3 kV for the typical voltage ramp A = 1 kV/nsi^ 
Hence for the room temperature the front can be de- 
terministically triggered due to the phonon-assisted tun- 
neling of electrons bound on the M level of the PI cen- 
ter. The emission rate e(F) increases with T, and for 
T > 350 K bound electrons are prematurely emitted in 
electrical fields below F a . This prevents triggering the 
streamer front and leads to common avalanche break- 
down. 

For low temperatures T < 200 K all PI centers are in 
the ground state: the U level is occupied and the M level 
is empty. Curve 2 in Fig. 2 shows the emission rate for 
the U level at low temperature when ionization occurs via 
direct tunneling. The rate is evaluated according to^i 

e{F) = VZnWo 1" T ) 6XP [ 2 V Eo- ^ — ) ' (2) 

F = A^2mEl/?,qh. 

Here E = 0.28 eV is the energy of the respective deep 
level. Similar to the room temperature case, we find 
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FIG. 2: The ionization rate e of the midgap M level (0.54 eV) 
at T=300 K (curve 1) and upper midgap U level (0.28 eV) 
at T—77 K (curve 2) of the process-induced deep-level sulfur 
center in Si as a function of the electric field strength F. The 
inset illustrates the position of respective levels in the gap and 
the charge states of the double donor S impurity. 

e(F) ~ 10 6 s~ x at F ~ 3 • 10 5 V/cm, although the e(F) 
dependence is much more steep. We conclude that at 
low temperatures the front can be detcrministically trig- 
gered due to direct tunneling of electrons bound on the U 
level. This triggering mechanism remains unchanged up 
to zero temperature. In experiments deterministic trig- 
gering of superfast fronts has been shown to disappear for 
T > 370 K and proven to sustain at low temperatures up 
to 77 Kji£ in agreement with our analysis. Details of the 
calculations will be reported elsewhere. Our findings sug- 
gest that concentration of deep-level sulfur centers should 
be carefully controlled in fabrication of Si power devices 
used in pulse sharpening applications 7 to ensure efficient 
and reliable operation. 

Unlike high purity Si, where the existence of deep- 



levels that are capable to trigger the superfast front 
should be regarded as a rare lucky exception, semi insu- 
lating GaAs is a compensated material which possesses 
deep levels in large concentrations^ The most known 
defect is the EL2 deep-level donor (E c — 0.75 eV) which 
is present in concentration ~ 10 16 cm for free car- 
rier concentration up to 10 15 cm* 3 in n type GaAsi^ 
In p + -p -n-n + structures studied in Ref. deep-level ac- 
ceptors HL5 (E v + 0.41 eV) and HB2 (E v + 0.68 eV)i& 
are present in concentrations 10 14 ...10 15 cm -3 . 18 Below 
we consider the EL2 defect to illustrate possible trigger- 
ing mechanism in GaAs-based p + -n-n + structures. Due 
to the exact midgap position the EL2 level in n type 
GaAs is occupied in equilibrium. It remains occupied af- 
ter any realistic waiting period td (typically td ~ 100 jis) 
since its lifetime at zero-electric field is about 10 Sii 7 - 
The ionization rate e(F) for the EL2 defect is known 
for electrical fields up to 4 • 10 5 V/cm^i*il According 
to Ref. H3 e(F) ~ 10 3 s' 1 at F = 4 • 10 5 V/cm. For 
Nel2 — 10 16 cm~ 3 the threshold initial concentration 
n can be reached within At ~ n /N EL2 e(F) ~ 100 ps, 
in a reasonable agreement with experiments. 3 

In deep-level-free structures the threshold of the Zener 
band-to-band tunneling Fz can be reached, provided that 
the voltage ramp A is sufficiently large. In this case 
the plane streamer front is initiated by band-to-band 
tunneling and propagates due to the combined action 
of band-to-band tunneling and impact ionization. Such 
tunneling-assisted impact ionization fronts have been de- 
scribed theoretically and observed experimentall}^. 
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